The postnatal growth of the pre-acinar or conducting airways of the lung was examined by measuring the dimensions of selected axial pathways in lungs at different stages of development. The material included both formalin-fixed specimens and bronchograms. A method of comparing the relative sizes of each part of the pathways was developed which allowed for differences between the number of branches or generations measured in each specimen. The results indicate that the pre-acinar airways of the infant may be regarded as a miniature version of those in the adult and that this relationship persists during postnatal growth. Each individual branch grows in a symmetrical fashion both in length and in diameter and bears a constant relation to the whole. The physiological function of the conducting airways during growth was investigated using published data on the breathing pattern of infants. Particular attention was given to the conditions of airflow, to the warming and humidification of inhaled air, and to the filtration of airborne dust.
The postnatal growth of the pre-acinar or conducting airways of the lung was examined by measuring the dimensions of selected axial pathways in lungs at different stages of development. The material included both formalin-fixed specimens and bronchograms. A method of comparing the relative sizes of each part of the pathways was developed which allowed for differences between the number of branches or generations measured in each specimen. The results indicate that the pre-acinar airways of the infant may be regarded as a miniature version of those in the adult and that this relationship persists during postnatal growth. Each individual branch grows in a symmetrical fashion both in length and in diameter and bears a constant relation to the whole. The physiological function of the conducting airways during growth was investigated using published data on the breathing pattern of infants. Particular attention was given to the conditions of airflow, to the warming and humidification of inhaled air, and to the filtration of airborne dust.
The airways, alveoli, and blood vessels each follow a different pattern of growth. The pre-acinar or conducting airways are virtually complete at birth and further division of these airways does not occur (Bucher and Reid, 1961) . However, alveoli arise from some of the terminal airways after birth and it has been shown that they develop by a centripetal process from the end of an airway and that this may affect up to three generations (Boyden and Tompsett, 1965) . On the other hand, the respiratory region continues to grow distally after birth-alveoli increase in number until the age of 8 and in size and complexity until adulthood (Dunnill, 1962; Davies and Reid, 1970) .
For many years it was thought that the preacinar airways also increased in number after birth (Broman, 1923) . Much of the confusion arose because comparison had been made between different segments of the lung or between axial and lateral pathways. It was shown subsequently that comparison between the various segments was most effectively made between axial pathways, that is, those passing to the distal pleural surface (Hayward and Reid, 1952) .
There is little information concerning the pattern of growth at different levels of the bronchial tree. Wood's metal casts of lungs at various stages of development have been used to investigate the relative rate of growth of selected airways, e.g., the trachea, the main bronchi, and the terminal bronchioli (Engel, 1947) . With increasing age, differences between the relative diameters of the main bronchi and trachea were found although these were small in comparison with the increase in linear dimensions. The size given for the diameter of the terminal bronchiolus (0-2 mm in the adult) is smaller than is generally stated and probably reflects the fact that the lungs studied were not inflated.
Detailed measurements of airways throughout the adult lung have been made and the results used for the development of models for the study of respiratory function (Weibel, 1963; Horsfield and Cumming, 1968) . Since to carry out similar measurements on lungs at representative ages between birth and adulthood would be a formidable task, our attention is concentrated on selected pathways in a series of lungs to cover the growth period. The trachea, main bronchi, and segmental bronchi are easily identified and their size in different lungs can be compared precisely. In the distal airways it is more difficult because some pathways supply alveoli after a short course of only 1 cm or so with only a few side branches, while others run many centimetres and give rise to numerous side branches. From any given path-way the side or lateral branches run a shorter course than the axial pathways-those that pass to the distal pleural surface. The axial pathways, therefore, offer a more satisfactory basis for comparison than the lateral pathways but, depending on the size of segments, even the length of the axial pathways varies. This means, for example, that in smaller segments-such as the apical segment of the lower lobes the maximum number of generations along an axial pathway may be only 15, while in the posterior basal segment there may be as many at 25 intrasegmental branches (Hayward and Reid, 1952) .
All pathways of whatever length end in a similar cluster or three to five terminal bronchioli arising approximately 2 mm apart (Reid, 1958; Reid and Simon, 1958) . It is for this reason that terminal bronchioli are similar throughout the lung although the preterminal airways may vary widely. All pathways, no matter how long, can be regarded as starting as a segmental bronchus and ending with a terminal bronchiolus.
It is the purpose of this paper to examine the growth pattern of each generation along selected axial pathways from different segments of lungs at various stages of growth. Additional information concerning the pattern of breathing during childhood enabled some aspects of the physiological function of the pre-ancinar airways in infancy to be examined.
MATERIAL AND METHODS
The material studied and the method used are listed in Table I . Table I) .
The bronchograms were examined by transmitted light, and a dissecting microscope was used to measure the peripheral airways. Along the selected pathway, the diameter midway between branches was taken and the distance between carinae was measured, from which the total length of the pathway could be estimated. When possible these measurements started with the trachea. The diameter of each side branch was also recorded. Only those pathways in which a millimetre pattern could be identified on the bronchograms were traced (Reid and Simon, 1958) . It would be unlikely that all side branches are filled at bronchography and this was confirmed by the lower numbers that were counted by this method than by the other two methods used. However, these errors in the estimation of the numbers of generations in a pathway did not affect the accuracy of the measurement of its total length. Measurements on the bronchogram had the advantage that the lung was at its normal volume. Because the bronchogram films are taken with the patient close to the cassette, any distortion would be slight and was ignored.
(2) DISSECTION Starting from the main bronchus of an axial pathway, the airway to the posterior basal segment was traced by naked-eye dissection with the help of a magnifying glass where necessary.
In all lung specimens examined the pulmonary artery had been injected with Micropaque barium suspension before inflation and fixation with formalin. Both these procedures helped the lung to maintain its form. A transparent scale was used to measure the diameter of the airway and also the distance between successive carinae. It was possible by this method to include every airway, certainly to within the region of the millimetre pattern. Even here, the small airways could be identified, but particularly in the smallest lungs, the ultimate one or two airways were probably missed. It seems that full inflation gives lung volumes similar to those found in life (Heard, 1960 AND DISSECTION Measurements by both methods were compared from two cases of similar age; in the 19-month-old child they were made on a bronchogram, in the 18-month-old child by lung dissection. The measurements for all generations studied in each case are plotted in Fig. 1 and it can be seen that the results from the two methods are similar. Fig. 4 ; one refers to measurements from the serial sections of the newborn lung, the other from an adult bronchogram. In dissections of the infant lung 25 generations were measured, whereas in the adult bronchogram only 18 airways were identified along the corresponding pathway although the terminal bronchiolus was reached in each case. If the diameter of each airway is plotted against its respective generation as counted, the terminal bronchiolus in the adult is compared with a much more proximal generation in the child. As a result it is not possible to draw conclusions about the growth of different regions of the pathway from these curves. However, the difficulty is resolved if each of these two pathways is taken to represent 100 units of length and the diameter of the airway is plotted against its position expressed as a per- The details of the statistical analysis are shown in Appendix A. It was concluded from the analysis that the average calibre of the pre-acinar airways at various percentage distances along their length could be described by an empirical mathematical expression. The curves obtained by application of the expression to measurements of individual pathways from the lungs of subjects of different ages were remarkably similar in shape (Fig. 6 ). The To compare function in the infant lung with that in the adult, it is necessary to know the rate of breathing and the volume of each breath relative to the volume of the pre-acinar airways. While the figures for the latter are available in the adult, they have not yet been measured in the infant, and indirect evidence must be used. Cook and his colleagues (1955) showed that the ratio between tidal volume and physiological dead space was nearly identical in the infant and the adult. In health the physiological dead space is roughly the same as the anatomical dead space, that is, the volume of the conducting or pre-acinar airways. For a similar ratio between tidal volume and the dead space to be found in the infant as well as in the adult, it seems that the tidal volume in the infant must be scaled down to the same degree as the volume of the airways.
A representative value for the tidal volume of the adult is 500 ml and that of the infant about 15 ml, giving a ratio or 500/l5=33-3/1. From the above reasoning it is suggested that the ratio between the volumes of the conducting airways is also about 33-3/1. Because of their geometrical similarity it foHows that the ratio between any corresponding linear measurements, such as the length or diameter of a particular airway, must be equal to 331/3/1, i.e., 3 2/ 1 and the cross-sectional area, or surface area, to (3-2/ 1)2, i.e., 10-2/ 1.
A (Cook et al., 1955) . The minute ventilation of the adult is about 6,000 ml/min and of the infant 500 ml/ min.
The ratio between these two is 12/1 which is, as expected, close to (3-2/ 1)2. On the other hand, the ratio between the volume of their pre-acinar airways (each being proportional to L3) is of the order (3 2/ 1)2=33/1, and it is apparent that these Landahl (1950) who obtained expressions whereby the regional filtration of particles in the lung can be calculated. The analysis indicates that particle deposition due to diffusion is a function of T*IL sedimentation of T/L, and impaction of lI/T. The relative effects of impaction and diffusion for a given size of particle are more effective in the infant but the sedimentation of particles on to the surface of the mucosa due to gravity has 01 4 10 2 4 0 03
Parice damted(mcrns FI.79 ecntg0fihle atcswhc eert beodtetrialbocils0h cluain ee onyt7 atcs0otie nthtfato f h ia i whicrece-h lelr eino hug about the same effect as in the adult. The overall protective efficiency of the ciliated airways was calculated. The method of doing this is described in Appendix B and the results are illustrated in Figure 7 . It can be seen that the conducting airways of the infant do form a more efficient protective mechanism than in the adult but the overall change in the size distribution of particles penetrating to the alveolus is surprisingly small. HUMIDIFICATION AND TEMPERATURE CONTROL Diffusion of water vapour and of heat from the surface of the mucosa are functions of Ti/L and are more effective as this ratio increases in value. The ratio is almost twice as large in the infant as in the adult and indicates that inhaled air is warmed and humidified at a relatively higher point in the respiratory tract of the former.
DISCUSSION
The anatomical specimens and bronchograms were obtained from adults and children whose lungs were normally developed. Only a few specimens were available at any one age, however, and their absolute dimensions varied too widely to be used to estimate the rate of growth of the lung at different ages. The analysis was concerned solely with the relative growth of each generation of the pre-acinar airways. The results show that the axial pathways maintain their relative proportions during postnatal development and' that each generation grows at the same rate. It seems most unlikely that the axial pathways alone have a special pattern of development and it is therefore reasonable to suppose that other airways grow in the same way. The conclusion that the nonrespiratory zone of the infant lung is a miniature version of the adult pattern indicates that its development is very different from that of the alveoli which after birth multiply as well as increase in size (Dunnill, 1962) .
A previous investigation into the growth of the bronchial tree (Hogg et al., 1970) used measurements of the diameter, but not the length of each branch in pathways from the lungs of adults and children. Their statistical analysis made use of the linear relationship relating the log of the airway diameter to the airway generation (Weibel, 1963) . They reported that growth was uniform throughout most of the bronchial tree but that the airways beyond the eighteenth generation appeared to be disproportionately narrow in youing children. The discrepancy is probably because they were able to measure only one airway (Hogg, 1971). u There are limitations to our analysis of the physiological function of the infant bronchi. The tidal volume and rate of breathing vary continuously in the young child and the aerosol filtration calculations refer only to mouth breathing. Despite these reservations the results give a reasonable indication of the effects of the considerable disproportion in size between the adult and infant lungs.
The airflow is evidently less turbulent in the infant lung than in the adult, and convective mixing between the inhaled and lung air in the infant is presumably reduced in comparison with the adult. The overall pressure swing between the mouth and the terminal bronchiolus should be greater in the infant. This is consistent with the slightly greater oesophageal pressure swing found in the infant compared to that in the adult (Cook et al., 1955) . The resistance of the airways in children has been measured directly by a retrograde catheter technique (Hogg et al., 1970) . The results were expressed as the airway conductance (the inverse of resistance) divided by the predicted normal lung weight. It was found to be constant for the first 12 to 15 generations and was independent of age. However, the peripheral airways had a relatively greater resistance in young children and this supported their suggestion that the airways distal to the eighteenth generation were disproportionately narrow in young children. Our findings suggest that the airway conductance per gramme of lung tissue should be constant throughout the preacinar conducting region of the bronchial tree and not only in the first 12 to 15 generations. However, the resistance of the airways is proportional to the radius raised to the fourth power (Hogg et al., 1970) , and it is therefore unlikely that anatomical measurements can make a reliable contribution to any estimate of the resistance of the peripheral zone.
The effect of the change in lung size on the filtration of aerosols is surprisingly small. It has usually been assumed that the bronchial tree of the infant lung is a much more effective barrier to airborne dust than that of the adult because the airways are so much smaller and should trap dust that much more easily. The individual airways are certainly narrower but they are also shorter, and the time available for sedimentation or diffusion is reduced by the higher rate of breathing. From the practical point of view it appears that the alveoli of the infant are 'protected' to about the same degree as those in the adult. However, it should be remembered that, during a given interval of time, infants absorb a greater dose of any air-borne material per kilogramme of body weight or per unit of lung volume than does the adult because of their increased ventilation. It has been claimed (Dautrebande, 1962) that the size of the particles in therapeutic aerosols is a dominant factor in their effectiveness. The present research suggests that there is no indication for using smaller particles for the treatment of infants since the distribution of inhaled material is virtually unchanged.
The more efficient humidification of the tidal air in the infant lung is noteworthy. This may be a comparative feature of real importance in preventing dying of the mucosa during prolonged crying.
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APPENDIX A STATISTICAL ANALYSIS The anatomical data consisted of measurements of the dimensions of axial pathways to both lower lobes and to the right upper and middle lobes. The trachea was common to each and comparisons were therefore made of pathways considered to originate at the bifurcation of the trachea.
Previous data (Weibel, 1963) for the mean dimensions of the whole of the bronchial tree were also examined. They are modified so that the fifteenth generation was identified as the terminal bronchiolus (Horsfield and Cumming, 1968) . Averaged pathways of this type have fewer generations than an axial pathway as measured in this study but nevertheless serve as a reference model with which experimental data may be compared. When the diameter of any airway in the average model (Weibel, 1963) (F17 174=2-5) .
Each of the 18 estimated values of B were, therefore, compared with the average data for the adult lung (Weibel, 1963) . The ratios of these differences to the standard errors of the relevant regression coefficients are shown in the last column of the Each fraction of inspirate is considered to pass through successive generations of airways in series. In each generation, or region, an airborne particle may be deposited by three different mechanisms which act independently but which depend on the dimensions and speed of airflow in that generation and on the size of the particle. The airways thus form a system of filters. Successive fractions of the aerosol are removed in each generation and the final concentration passing the terminal bronchiolus is obtained from the product of the whole series. It is necessary to calculate the mean rate of airflow and the time spent by a fraction of air in each generation.
The deposition probabilities are:
(1) probability (Se) of particle deposition in an airway (a) due to sedimentation Sa =-e1 -e8Vs. Cos. 0 Ta/Ra (2) probability (Da) of particle deposition in an airway (ac) due to diffusion
Dal= -e-058V%/2 DTa/Ra (3) probability (Ia) of particle deposition in an airway (cx) due to impaction la-I+P whele P=Vs. Ua-1 Sin 0/gR (4) combined probability (Pa) of particle deposition in an airway (a). Pa= Sa + Da +IaSaDa-Sala -Dala+ laSu,Da Symbols 4 'Ta transit time in airwaya (sec) Vs = terminal velocity of aerosol particle (cm sec-1) D = coefficient of diffusion of aerosol particle (cm2 sec'1) R = radius of airway (cm) V = mean airflow velocity in airway (cm see-) = average inclination of the airways from the horizontal (degrees)
The terminal velocity and diffusion coefficient of an airborne particle depend on its size, shape, and density. The values used are those appertaining to spheres of unit density. The results shown in Fig. 7 express the probability that a given particle will penetrate beyond the terminal bronchiole and thus have access to the alveoli. The calculations refer only to particles contained in that fraction of the tidal air which reaches the alveolar region of the lung.
